The performance analysis of the dual-polarized massive multiple-input multiple-output (MIMO) system with Internet of things (IoT) devices is studied when outdoor human-care IoT devices are connected to a cellular network via a dual-polarized massive MIMO system. The research background of the performance analysis of dual-polarized massive MIMO system with IoT devices is that recently the data usage of outdoor human-care IoT devices has increased. Therefore, the outdoor human-care IoT devices are necessary to connect with 5G cellular networks which can expect 1000 times higher performance compared with 4G cellular networks. Moreover, in order to guarantee the safety of the patient for emergency cases, a human-care Iot device must be connected to cellular networks which offer more stable communication for outdoors compared to short-range communication technologies such as Wi-Fi, Zigbee, and Bluetooth. To analyze the performance of the dual-polarized massive MIMO system for human-care IoT devices, a dual-polarized MIMO spatial channel model (SCM) is proposed which considers depolarization effect between the dual-polarized transmit-antennas and the receive-antennas. The simulation results show that the performance of the dual-polarized massive MIMO system is improved about 16% to 92% for 20 to 150 IoT devices compared to conventional single-polarized massive MIMO system for identical size of the transmit array.
Introduction
According to Business Insider, human-care Internet of things (IoT) devices are expected to grow from 120 million in 2015 to 650 million by 2020 [1] . Furthermore, as the use of wearable human-care IoT devices that attach to the body is increasing, the support of a seamless cellular network is essential instead of short-range communication technologies such as Wi-Fi, Zigbee, and Bluetooth. Since human-care IoT devices are closely related to human health and life, seamless communication is very important to guarantee the safety in case of emergencies especially for outdoors.
In addition, the patient can be monitored in real time by cellular networks for both indoors and outdoors when there are various human-care IoT devices connected to the cellular networks. Especially, the connection between cellular networks and human-care IoT devices provides real-time human-care monitoring system via variable human-care services such as ambulance, smartwatch, first aid kit, and a medically equipped smartphone. Further, the collected information of users can be used to prevent accidents via big data analysis. In contrary, short-range communication technologies such as Wi-Fi, Zigbee, and Bluetooth are difficult to communicate from outdoors. In order to guarantee the safety of the users in case of an emergency, it is necessary to connect with a cellular network which provides more stable connection compared to short-range communication technologies for outdoors.
However, the global data usage is expected to increase to 49 exabytes by 2021 [2] as rapid increase in usage of outdoor human-care-related IoT devices. In recent years, more advanced 5G technology and standards are being actively researched to handle the tremendous amount of data from IoT devices [3, 4] .
One of the remarkable 5G technology is the massive multiple-input multiple-output (MIMO) system to increase spectral efficiency by a very large number of transmitantennas. Typically, the transmit-array of a massive MIMO system is composed of tens or hundreds of transmitantennas to serve tens or hundreds of users simultaneously [5] . Massive MIMO system leads huge improvement in energy efficiency, spectral efficiency robustness, and reliability [6] .
A large number of transmit-antenna at a base station (BS) can remarkably improve performance via increasing the multiplexing order to various human-care IoT devices by higher transmit diversity with higher degree of freedoms. In this paper, the performance analysis is achieved when various human-care IoT devices are connected to cellular networks via a dual-polarized massive MIMO system as shown in Figure 1 .
To the best of our knowledge, there has not been an analysis that considers the performance between massive the MIMO system and IoT devices for cellular networks. In addition, dual-polarized transmit-and receive-antennas are proposed for BS and IoT device, respectively, to install more antennas and achieve higher performances in limited space.
To evaluate the dual-polarized massive MIMO system, a dual-polarized MIMO spatial channel model (SCM) is proposed which considers the depolarization effects of the dual-polarized antennas. Then, the comparative performance analysis of dual-and single-polarized massive MIMO systems for IoT devices is achieved by system-level simulation.
Challenges for Massive MIMO System
Previously, the MIMO system is introduced to increase spectral efficiency by increasing degree of freedoms in space domain by multiple antennas. Afterwards, massive MIMO is introduced to catch up to today's tremendous amount of data traffic with even higher degree of freedoms. However, several issues arise while a large number of transmitantennas provide more spectral efficiency than conventional MIMO system.
Since transmit-array of massive MIMO is composed of a large number of antennas, the size of the transmit-array will be increased as the number of antenna increases. In other words, the deployment of a large number of transmitantennas in limited space is very important to implement practical massive MIMO system without unlimited growth of array size.
To deploy a large number of transmit-antennas in limited space, previously, 2 dimensional (2D) planar type of transmitter (Tx) is introduced to reduce the size of the transmitarray [7, 8] . The basic idea of the 2D planar array MIMO system is that the transmit-antennas are installed on a 2D planar grid instead of a 1 dimensional (1D) linear array. Performance comparison between 2D planar and 1D linear transmit-array is analyzed by a function of signal-to-noise ratio (SNR) [7] . 2D planar array performs lower than 1D linear transmit-array because of its higher correlations/interferences between surrounding antennas on the 2D planar array.
Performance analysis of 2D planar and 1D linear transmit-array is conducted by system-level simulations in [7] . Similarly, 2D planar array performs lower than a linear array for same 32 transmit-antennas at the BS. Nevertheless, 2D planar array has several advantages such as reduction of transmit-array size and utilization of vertical beamforming.
Dual-Polarized Massive MIMO System
In this paper, a dual-polarized massive MIMO system is proposed which is very effective in reducing the size of a transmit-array by utilization of the extra polarization domain. There are several remarkable advantages for dualpolarized transmit-and receive-antennas since it consists of two colocated orthogonal antennas.
3.1. Advantages of a Dual-Polarized Antenna. One of the major advantages of a dual-polarized transmit-array is the reduction of transmit-array size by half compared to a spatially separate single-polarized transmit-array. Since two colocated orthogonal transmit-antennas are installed on a collocated dual-polarized antenna, a double number of transmit-antennas can be installed compared to a spatially Journal of Sensors separate single-polarized transmit-array for identical size of the transmit-array. In other words, the degrees of freedom of a dual-polarized transmit-array can achieve twice the performance compared to a conventional single-polarized transmit-array for identical size of the transmit-array. For example, for a center frequency of 1.9 GHz with a half wavelength, a 64Tx single-polarized transmit-array with a length of 3.67 m can be replaced with 32Tx dual-polarized transmit-array with a length of 1.84 m. Furthermore, a dual-polarized receive-antenna can be installed at IoT devices to achieve higher performance compared to a single-polarized antenna in identical spaces.
3.2. Utilization of Polarization Domain. Since two independent data streams can be multiplexed at a dual-polarized transmit-antenna, depolarization effect occurs between two data streams. In other words, the extra polarization diversity can be achieved by transmitting two independent data streams from vertically and horizontally polarized antennas at BS. In previous papers, it has been shown that using dual-polarized transmit-antennas can improve performance and reduce transmitter size [9, 10] .
However, the performance degradation can occur by polarization mismatch since a single-polarized receiveantenna receives the signal by only one direction and its upper bound of capacity loss from polarization mismatch is 2 bit/ s/Hz for multiple dual-polarized antennas and a singlepolarized antenna according to [11] . Therefore, the dualpolarized receive-antenna at an IoT device could be the solution to minimize polarization mismatch since vertical and horizontal receive-antenna receives signals at any directions.
Therefore, it is clear that the dual-polarized massive MIMO system is the future for the massive MIMO system to reduce transmit-array size and minimize performance degradation by polarization mismatch. Consequently, the dual-polarized massive MIMO system can be operated by space-polarization division multiple access (SPDMA) which increase spectral efficiency by utilizing both space and polarization domains. The detailed explanations of SPDMA are presented in the next section.
SPDMA
The basic idea of SPDMA is increasing spectral efficiency by utilizing both spatial and polarization domains for the dualpolarized MIMO system. In this section, the comparative descriptions of space division multiple access (SDMA), polarization division multiple access (PDMA), and SPDMA techniques are presented.
4.1. SDMA. MIMO system with SDMA is used to extend transmit diversity in the space domain. However, the drawback of the SDMA technique with the single-polarized MIMO system is that the size of a transmit-array increases proportionally as the number of antenna increases. This is one of the major concerns of the massive MIMO system. Moreover, SDMA lacks in utilizing the polarization domain since SDMA only operates for spatially separated singlepolarized antennas.
PDMA.
To increase transmit diversity without size expansion, previously, PDMA technique is introduced. The basic idea of PDMA is that the dual-polarized transmitantenna transmits two independent data streams to different users simultaneously by using orthogonal vertical and horizontal polarizations. The performance analysis between one collocated dual-polarized transmit-antenna and two dualpolarized receive-antennas are provided in [12] . Nevertheless, PDMA lacks spatial diversity at the transmit-array.
4.3. SPDMA. Previous SDMA and PDMA techniques lack polarization and spatial diversity, respectively. In order to overcome these disadvantages, a more advanced SPDMA technique is introduced in [13] . The basic idea of SPDMA is that it increases spectral efficiency by utilizing both space and polarization domains. In other words, the utilization of space domain is achieved by spatially separated dualpolarized antennas and utilization of the polarization domain is achieved by two orthogonal polarizations from vertical and horizontal transmit-antennas. Thus, a one dual-polarized transmit-antenna transmits two different signals simultaneously to different users through the polarization domain. Consequently, the SPDMA technique leads the increment of spectral efficiency not only in space domain but also in polarization domain.
Previously, the comparative performance analysis of the dual-and single-polarized MIMO system is conducted by SDMA and SPDMA techniques via link-level simulation. Simulation results represent the dual-polarized MIMO system with SPDMA achieved higher throughput by extra polarization diversity compared to the single-polarized MIMO with SDMA for identical size of the transmit-array [13] . However, the previous performance analysis of SPDMA is conducted with 8 transmit-antennas which is by a conventional MIMO system. Therefore, previous analysis of the dual-polarized MIMO system with SPDMA is lack of evaluating the performance of a large number of IoT devices.
Proposed Dual-Polarized MIMO SCM
3rd Generation Partnership Project (3GPP) MIMO SCM is a geometry-based stochastic model which describes the excess delay, direction of arrival, and direction of departure of multipath for the MIMO channel model [14] . 3GPP MIMO SCM is widely used in modelling the MIMO channels. However, 3GPP MIMO SCM provides a dual-polarized MIMO channel model which considers mixed vertical and horizontal polarizations at a dual-polarized receive-antenna. Thus, previous 3GPP SCM lacks the implementing depolarization effect between vertically and horizontally polarized channels at the dual-polarized receive-antennas which is impossible to consider extra polarization diversity.
Therefore, a dual-polarized MIMO SCM is proposed which considers depolarization effect between dualpolarized transmit-and receive-antennas which operated by the SPDMA technique. Depolarized propagation channels between dual-polarized transmit-and receive-antennas are represented by vertical to vertical (VV), vertical to horizontal 3 Journal of Sensors (HV), horizontal to vertical (VH), and horizontal to horizontal (HH) channels as shown in Figure 2 .
The proposed dual-polarized MIMO SCM represents BS with S transmit-antenna with S antennas (S/2∈N of dual-polarized transmit-antennas) and IoT devices with U antennas (U/2∈N of dual-polarized receive-antennas). Then, (u,s)th dual-polarized MIMO channel component of nth multipath at time t, H u,s,n t can be expressed as
The notations are described in Table 1 .
Aforementioned, the conventional 3GPP MIMO SCM lacks the implementing depolarization effect between dualpolarized transmit-and receive-antennas. Nevertheless, the 
Notation Description

P n
The power of the nth path. σ SF The lognormal shadow fading.
M
The number of subpaths per path.
Absolute angle of departure (AoD) for the mth subpath of the nth path at the BS with respect to the BS broadside.
Absolute angle of arrival (AoA) for the mth subpath of the nth pat at the BS with respect to the BS broadside.
x BS,V θ n,m,AoD
The BS antenna complex response for the V-pol. Component.
x BS,H θ n,m,AoD
The BS antenna complex response for the H-pol.
Component.
x MS,V θ n,m,AoA
The antenna complex response for the V-pol. Component of the IoT device.
x MS,H θ n,m,AoA
The antenna complex response for the H-pol. Component of the IoT device. (1) represents separated channel propagations between dualpolarized transmit-and receive-antenna by co-and crosspolarizations; VV, HV, VH, and HH with cross-polarization discrimination (XPD) power imbalance terms. XPD represents the polarization directivity and the discrimination of the power imbalance between copolarization and cross-polarization components at the dual-polarized receive-antenna. Higher XPD value represents less power leakages between vertically and horizontally polarized channels, and lower XPD value represents more power leakages between vertically and horizontally polarized channels in a dual-polarized receive-antenna. A dual-polarized receiveantenna at IoT device is assumed to receive signals from any directions even IoT devices are randomly oriented.
Evaluation Method
6.1. TDD Operation. To achieve system-level simulation, time division duplex (TDD) operation is assumed to exploit channel reciprocity in order to simplify channel state information (CSI) estimation for downlink channel from uplink channel. In this case, the training overhead lineally increases as the number of total IoT devices while the number of transmit-antenna can be extended as large as desired.
System-Level Simulation and Simulation Parameters.
To analyze the performance of the dual-polarized massive MIMO system, both dual-and single-polarized massive MIMO systems are evaluated by 3 sector-based system-level simulation which is conducted from [15] . Also, both vertically and horizontally polarized antenna patterns are modeled with 3 dB beam width of 70°with maximum gain of 17 dBi for 3 sector macro cell scenario. Since the goal of this paper is to analyze the performance between proposed dualand conventional single-polarized massive MIMO systems for identical size of the transmit-array, assuming that there is no performance degradation due to the battery conditions of the IoT devices. The other important parameters are presented in Table 2. 6.3. Dual-Polarized Receive-Antenna with MMSE Receiver at IoT Devices. As mentioned in Section 3.2, single-polarized receive-antenna receives signal by only one direction which leads to performance degradation by polarization mismatch. However, minimum mean square error (MMSE) receiver enables the IoT device to receive either one of the strongest signals or two signals depending on signal-to-interferenceplus-noise ratio (SINR) calculated between two colocated orthogonal receive-antennas since IoT devices are composed of a dual-polarized receive-antenna. In other words, a dualpolarized transmit-antenna at BS is able to serve two orthogonal signals to either one IoT device or more than one IoT devices simultaneously depending on the channel conditions to maximize the performances.
MRT/Multiple
IoT Device Selection Algorithm. In this section, the detailed description of the multi-IoT device selection algorithm is presented. It is assumed that the BS simultaneously transmits data to the S IoT devices that have been optimally selected among the K candidate IoT devices The data symbols for the selected S IoT devices are linearly precoded by maximum ratio transmission (MRT), and transmit signal vector is generated as follows:
where F = f 1 , f 2 ⋯ f S is the S × S precoding matrix where f k is the S × 1 precoding vector for selected kth IoT devices among selected S IoT devices.
T is the S × 1 transmit symbol vector where b k is the transmit symbol for the kth IoT device among the selected S IoT devices.
To mitigate the interference between vertically and horizontally polarized receive-antenna at an IoT device, an MMSE receiver is employed based on perfect CSI. Then, the achievable rate of the kth IoT device with an MMSE receiver can be written as
where H k and I denote U × S dual-polarized MIMO channel of the kth IoT device and S × S identity matrix, respectively. The precoding vector for MRT to the kth IoT device is denoted by f k obtained as
where SVD represents the singular value decomposition. U k , Σ k , and V k represent S × S complex unitary matrix, S × U 5 Journal of Sensors rectangular diagonal matrix, and U × U complex unitary matrix of the kth IoT device, respectively.
To evaluate the throughput of the proposed massive MIMO systems, the multiuser scheduling algorithm is proposed which serves multiple IoT devices simultaneously with highest IoT-sum-rate by MRT precoding at BS. By MRT, the signals are transmitted by the strongest eigenmodes at BS and the received signals at an IoT device are combined by maximal ratio combining (MRC) technique. The proposed IoT device selection algorithm is specified as follows.where O denotes the universal set of IoTs. S tx , C, and C max represent the number of transmit-antennas, throughput, and the maximum throughput of the kth IoT device, respectively.
Performance Evaluation
Simulation Scenarios and Level of XPD.
To analyze the performance of the proposed dual-polarized MIMO system, three simulation scenarios are proposed: 32Tx dual-polarized massive MIMO system, 32Tx single-polarized massive MIMO system, and 8Tx single-polarized MIMO system. 32Tx singlepolarized massive MIMO system represents the identical size of transmit-array of the proposed 32Tx dual-polarized massive MIMO system. Further, 8Tx single-polarized MIMO system represents the reference of conventional MIMO system to compare performance with proposed massive MIMO systems. Moreover, IoT devices are assumed as one dualpolarized receive-antenna to receive signals by any directions.
To investigate the impact of XPD variations on the proposed simulation scenarios, XPD values of 0 and 15 dB are implemented while the proposed dual-polarized MIMO SCM consists XPD terms. XPD = 15 dB is presumed for high level of XPD according to simulation result in [17] .
7.2. Performance Analysis. In this subsection, simulation results of the system-level simulation are carried out to analyze the performance of the dual-polarized massive MIMO system compared to single-polarized massive MIMO systems. As mentioned in Subsection 6.4, the performances of the proposed MIMO systems are evaluated by highest sum-rate capacity from the multi-IoT scheduling. Figure 3 represents the comparison of the average throughputs between the dual-and single-polarized massive MIMO systems as a function of the number of IoT devices which represents the spectral efficiency. As shown in Figure 3 , a proposed 32Tx dual-polarized massive MIMO continuously increases the throughput over 150 IoT devices while a conventional 32Tx single-polarization massive MIMO is impossible to increase the throughputs when more than 50 IoT devices are present in the sector. The performance of the 32Tx dual-polarized massive MIMO system has improved by 16% to 92% for 20 to 150 IoT devices compared to a conventional 32Tx single-polarized massive MIMO system for identical size of the transmit-array.
Furthermore, the average throughput of the dualpolarized massive MIMO for 0 dB is higher than that of the 15 dB because a dual-polarized receive-antenna prefers to receive uncorrelated signals simultaneously instead of selecting one of the strongest signals between two transmitted signals. In other words, completely uncorrelated received signals benefit to increase average sum for the dual-polarized massive MIMO system. Furthermore, the colocated two orthogonal receive-antennas have benefited from uncorrelated channels since less coupling and interferences are generated between two orthogonal receive-antennas. Moreover, the dual-polarized massive MIMO system is insensitive to XPD variations according to throughput gap between XPD = 0 dB and XPD = 15 dB compared to the performance of the single-polarized massive MIMO system.
On the other hand, the single-polarized massive MIMO systems perform higher average throughput for XPD = 15 dB since a higher level of XPD represents the higher directivity Journal of Sensors between transmit and receive antennas. Therefore, transmitantennas of single-polarized massive MIMO systems have benefited from high XPD since the coupling effect and interference are not generated from colocated transmit-antenna. Since XPD = 0 dB represents the general environment, it is a disadvantage for the single-polarized massive MIMO system. Further, a conventional 8Tx single-polarized MIMO system is impossible in increasing the performance as the number of IoT devices increases, but the proposed 32Tx dual-polarized massive MIMO system continuously increases the throughput by a higher degree of freedom with the transmit and polarization diversity. Figure 4 presents the five-percentile (or sector-edge) throughput of the dual-and single-polarized massive MIMO systems. These simulation results indicate that the proposed dual-polarized massive MIMO improves the performance compared to 32Tx single-polarized massive MIMO systems by identical size of the transmit-array.
According to simulation results from Figures 3 and 4 , the performance of the dual-polarized massive MIMO system is improved compared to the single-polarized massive MIMO system for identical size of the transmit-array since two colocated polarized transmit-antennas aid to serve more IoT devices via the polarization domain. Consequently, the dual-polarized massive MIMO system benefits from uncorrelated channel environment which is very useful at XPD = 0 dB which represents the general environment.
Conclusion
In this paper, the performance between human-care IoT devices and the massive MIMO system is analyzed while massive MIMO system provides seamless communication and big data processing especially for outdoor human-care IoT devices. According to simulation results, the proposed dual-polarized massive MIMO system has several advantages such as reduction of transmit-array size and utilization of polarization domain of the transmit-array. Simulation results show that the performance of the dual-polarized massive MIMO is improved for uncorrelated channel environment for outdoor, XPD = 0 dB. Furthermore, the proposed dualpolarized massive MIMO system doubles the performance compared to the conventional single-polarized massive MIMO system via the identical size of the transmit-array for a large number of IoT devices.
Thus, the proposed dual-polarized massive MIMO system can be the solution to improve performances for outdoor human-care IoT devices while dual-polarized massive MIMO systems enable in reducing the sizes of the transmitters and receivers. 
